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ABSTRACT 

A manned lunar midcourse guidance simulation 

is used to simulate the onboard operations which are performed in a manned lunar 

mission. 

optical input data from human observers. 

An optical simulation, accurate to a few seconds of arc, will provide 

The space-borne digital computer is 

simulated by an SDS 920 computer system. 

craft Computer Control and Display Panel from which the computer can be con- 

trolled in real time. 

a statistical filter on the optical observations for t h e  optimal estimation of 

The computer system includes a Space- 

The midcourse guidance scheme uses linear prediction and 

i U 
U 
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program (10,000 words) which is written in FORTRAN for programming ease, but is 

as tightly optimized as FORTRAN will permit. 
I 

The techniques for doing so are 

described. 

which interchange information with the FORTRAN program, mainly through the use 

The rest of the computer's 12,000 words are devoted to SYMBOL programs 

of interrupts. 

of controlling a FORTRAN program fr0m.a manual entry keyboard and control -pan@ 

The programming aspects of the simulation, including the problem 

-- are discussed. 

INTRODUCTION 

in order to do the navigation required for a manned lunar mission, a digital 

computer of large capacity and high speed is required to be onboard the spacecraft. 

*Research ScientistLNASA.Ames Research Center, Moffett' Field, Calif- 
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To increase reliability and to give more flexibility to the navigation system, 

it is desirable for a human navigator or pilot to be able to control the com- 

putations done by the computer, and monitor the results. This paper outlines 

. 

the hardware and programming techniques which allow this to be done in a lunar 

midcourse guidance simulation using an SDS 920,computer. The simulation uses 

both FOiiTRAN and machine language programs in a way which is unique for the 

SDS 900 series computers in that the FORTRAN program is controlled by programs 

which are initiated by interrupts. 

time machine language programming using interrupts, ,and yet gives the ease of 

programming in FORTRAN. 

This technique gives the advantages of real 

DESCRIPTION OF SIMUUTION EQUIPMENT 

The Guidance and Control Systems Branch at Ames Research Center is setting 

up a laboratory for the investigation, from a hardware point of view, nf p i R  - 
ance and control systems which have as a f'unctional element an airborne or space- 

borne digital computer (Figure 1). Navigation instruments, such as theodolites, 

inertial platforms, radars, and conventional aircraft navigational equipment can 

be investigated. For optical measurements, a very accurate simulation provides 

collimated celestial images moving relative to each other at controlled rates. 

The onboard computer is simulated by SDS 920 computer 'system which Can Camnun- 

icate with a pilot or operator as well as with external electronic equipment. 

Analog/digital conversion equipment is provided to communicate with an analog 

computer if the latter is needed to provide short period dynamics. 
r 

The SDS 920 comsuter systenis shownin Figne 2. The computer has a com- 

plete complement of standard peripheral input/output devices, plus a wide variety 

of equipment to facilitate exchange of information from other electronic sources. 
* %  
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Summing registers and pulse rate generators allow handling of pulse rate infor- 

ration on either input or output, an address selector decodes 128 commands to 

select external devices, and the priority interrupt. system is used extensively 

in controlling and accepting information from.these devices. The real time 

clock system gives time of day accurate to one part in lo7 and provides the com- 

puter with a time reference with a resolution of 0.01 seconds. 

For the midcourse guidance simulation, the Spacecraft Computer Control and 

Display Panel (Figure 3) is of primary importance as it serves for data input 

and control of the guidance computations. 

panel are status and warning lights, and in the upper right hand corner is the 

display panel for the real time clock, while the rest of the panel is associated 

with data input and display. The data format is illustrated by the thumbwheel 

ixut panel at the lawer lefk, where'the first four thumbwheels from the left 

. .  

In the upper left hand corner of the 

6 

(the Sense thumbwheels) provide an operation code to the computer, and the meric 

thumbwheels represent a floating point number with an eight decimal digit mantissa 

and a one digit exponent. 

fication code for any purpose desired. 

binary-coded-decimal information for the numerical thumbwheels, and as a binary 

code for the alphabetic characters of the Sense thumbwheels. 

The panel just above the thumbwheels is a series of.push buttons which gen- 

The Matrix Identification provides a two digit identi- 

Data is transmitted to the computer as 

erate interrupts to start programs and above this is the electroluminescent alpha- 

numeric display, arranged in the same format as the thumbwheels. It is used t o  

display information and to confirm that data is properly entered into the computer. 
r 

This entire Control Panel allows a pilot to enter data, control the compu- 

tations done with easily remenbered mnemonics, and to monitor the results. It is 
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designed and constructed so that it may be operated up to 200 feet from the 

conputer proper. 

required for data entry, but it is desired to evaluate each approach from an 

operational viewpoint as well as from a hardware mechanization. 

It is clear that thumbwheels and.a keyboard are not both 

OPTICAL SIMULATION ' 

An accurate optical simulation has been constructed to provde images for 

evaluation of optical instruments and to provide input data. for the mission sim- 

ulation. For both sextant or theodolite measurements, it is necessary to sight 

on a planet ( eartii o r  mor?) %wing relative to the fixed stars-at .qpeck5le 

rates. 

image of the planet is formed and collimated.with optics mounted on a rotary 

tab1 e riri vpn hu 51 wn~hr-+-- 

To simulate this motion a precision rate table is used (Figure 4). The 

m 

and translated, thus maintaining an image at the observing station that is appar- 6 

ently moving across the sky. By using similar optics, one or more fixed stars 

can also be simulated. 

The planet image can be moved at rates from 0.1to 5.0 seconds of arc per 

second of time, typical rates for the midcourse phase of a lunar mission. 

a precision shaft angle encoder, the position of the rotary table can be measured 

Using 

to a few seconds of arc, and the collimation error is held to less than five 

seconds of arc over a six inch diameter viewing stati-on. Thus, the simulation 

can produce adequate images for optical equipment, accurate to a few seconds of 

3rc. . r 
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DESCRIPTION OF MIDCOURSE GUIDANCE SIMULATION PROGRAMS 

An overall block diagram of the midcourse guidance siliulation is shown in 

Figure 5. Using the optical simulation, the observer can make either a theodo- 

lite measurement of the position of a planet or of a 1andma.rk on the planet, or 

can make a measurement of the angle between a planet and a fixed star with a 

sextant. The exact time of the observation is introduced into the computer by 

pushing the Time Interrogate button.which, using an interrupt, records the time 

in the computer. After the observation is made, the instrument dials are read 

and their value is an input to the corrrputer via the Control Panel. 
, 

The onboard computer simulation consists of three main programs. The largest 

of the three is the Midcourse Guidance Program which computes the guidance equa- 

formating and logical operations required to enable the Control. Panel, clocb, 

and other computer system devices to exchange information with the computer. 

Vhen the Execute button is pushed, control is tracsferred to the Midcourse Control 

and Display Program, the function of which is to convert the data to the proper 
? 

form, store or retreive it from the Midcourse Guidance Program, and control op- 

erations of the Midcourse Guidance Program. As the velocity corrections are 

computed, two small programs simulate the operation of actually making a velocity 

correction. 

As much as possible, these programs are written for maximum efficiency and 

do only the computations which WOUM actually be done aboard a spacecraTt. 

They are all written in SYMBOL (the SDS symbolic program assembler) with the 

, 

exception of the Midcourse Guidance Program which, although is written in FORTRAN, 

is as tightly optimized as that language will permit. 
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In addition to the programming mentioned above, there are a number of com- 

putations associated with operating and evaluating the simulation, and would 

not actually be carried aboard a spacecraft. 

ance of the guidance system, the actual trajectory of the spacecraft is computed, 

In order to evaluate the perform- 

a quantity which in practice would never be known. For control of the optical 

simulation, positioning and rate information f m  the optical table is computed 

and displayed, and the actual planetposition at the instant of observation is 

measured with the shaft angle encoder on the precision optical table, and is fed 

-,Lek into the computer. The midcourse rocket engine and the sensing accelerometers 

are simulated by' a small program. For evaluation of the simulation, cnnsiderable 

program space is devoted to typing out all the significant parameters as each 

computation is made. 

Clock and performs event timing, is shown in Figure 6. . Associated with the'com- 

puter System Program are a number of Registers. 

to which a special naqe has been given f o r  convenience. 

These are merely cells in memory 

The Data Register is 

. used for intermediate storage of Control Panel Sense information and numerical 

data in binary-coded-decimal form, the Time Register retains the running value of 

real time, and the Event Register is used to hold the time at which a specific 

event occ'urred for later use by the computer. 

The Real Time Clock keeps time accurate to one part in 107 (which gives a 
0.1 econd in 14 

maximum error of/daysT and can be started and stopped by push buttons which gen- 

erate interrcpts to perform tnese functions. 

vith the Set push buttons which generate an interrupt to transfer the previously 

b 

Setting the Clock is accomplished 
# 
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I 
entered  time i n  the  Data Register i n t o  t’ne Clock. 

t i a l i z e d  with the  Set pushbutton, and i s  updated every 0.01 second by an in t e r -  

The Tiiiie Ee@steY-is i n i -  

rup t  generated by the  Clock. This same 0.01 second in t e r rup t  may be used t o  

i n i t i a t e  r e a l  time programs a t  any multiple of 0.01 seconds. Since it i s  

possible  t h a t  occasionally a few updating pulses may be l o s t ,  every,minute t h e ’  

Clock generates another in te r rupt ,  which i n i t i a t e s  a program to in te r roga te  the  

Clock and t r ans fe r  t he  complete time-of-day i n t o  t h e  Time Register. If t h e  

Time in te r roga te  but ton i s  pushed, a n  in te r rupt  i s  generated which t r ans fe r s  t he  

instantaceous time from the  T i m e  Register/to the  Event Register. 
i n  

Also mechanized i s  a Cowtdown Register. This Register i s  f i r s t  i n i t i a l i z e d  

t o  some value of time i n  seconds, counts down i n  increments of one second t o  

zero and then counts up a t  the  one second r a t e  indef‘initely. When the  S t a r t  

Gun, -n io, m i d p d  L d  . . .  
I I ’ ted which u t i a l i z e s  t h e  

Register by forming a time-to-go i n  seconds from a previously entered fu tu rg t ime  

i n  the  Data Register and t h e  present t i m e  from the  Time Register. Using a one 

second in t e r rup t  f romthe  Clock, t h i s  time i s  counted down t o  zero and i s  then 

counted up. A t  zero, a s igna l  i s  given t o  ind ica te  t h e  coincidence of fu tu re  

and present  time. The contents of the Register i n  seconds a re  displayed on the  

alphanumeric display with a minus sign on t h e  count down and a plus sign on t h e  

count up. 

Countdown push but ton which generates an in te r rupt .  

This counting f’unction may be terminated a t  any time by the  Stop 

I n  Figure 7 i s  shown the  data input and display por t ion .of  t h e  System Pro- 

gram. 

input  thmbwheel switches, o r  by t h e  s e r i a l  input keyboard. 

Information may be loaded in to  the Data Register e i the r  by the  p a r a l l e l  , 

The coding i s  such 

t h a t  no matter which input method i s  used, t h e  f i n a l  product i n  the  Data Register 

i s  t h e  same. For a thumbwheel input, the da t a  i s  taken i n t o  t h e  computer’directly 
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from the thumbwheels and is displayed on Yne alphanmeric display. For a key- 

board input the keyboard is enabled by the Enter Keyboard button which generates 

an interrupt. 

ter by character in the Data Register using the keyboard interpretive program 

The data keys are then pushed and the data is constructed charac- 

which formats it correctly and displays the data after each character is inputted. 

The data keys generate one interrupt but each key has its own unique code, so 

the program must determine which key was pressed and,depending on the order, which 

character it represents. 

desired, the Release Keyboard button clears the Data Regihr and disconnects the 

keyboard. 

. If an error is made or when keyboard use is no longer 

The Execute push button generates a separate high priority interrupt 

which transfers control immediately to the Midcourse Control and Display program. 

The block diagram of the Midcourse Control and Display program is shown in 

Figure 8. The f i r s t  four characters i m q z t H x n w c d h c  S,cxw+&a.razkrs, -~ 

The leftmost one defines the mode of operation: data input, data output and 'his- 

play, and compute. The next three are a mnemonic operation code. After trans- 

ferring into this program, the mode and operation code are translated and a trans- 

fer to tie appropriate section of.the program is made. 

is taken from the Data Register, converted from BCD to binary, and stored in the 

For data input a number 

appropriate place in COMMON in the Midcourse Guidance Program. 

the above procedure is reversed and the data is displayed from the Data Register. 

For data output, 

For a Compute operation, control flags are set in the Midcourse Guidance Program 

and control is transferred tothat program. 

If it is desired to make a velocity correction the computer can issue con- 
r 

t x U . I n g  sfgnals to the rocket engine directly. 

in Figure 9. 

One sLnple scheme for %his is shown 

It is assumed that the axis of the rocket engine is pointed in the 

right direction, and that this attitude is stabilized. From the'computed velocity 
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correction (in meters/sec. ) a thrusting duration in seconds is computed. 

The f'uture time of firing is enteSed into the Data Register and the countdown 

is started. 

The up count is continually tested against the computed thrust duration and 

when that time is reached the Countdown Register is disabled, and a stop sig- 

nal is sent to the rocket engine. The body-mounted accelerometer generates a 

pulse rate proportional to acceleration which is summed in the summing register 

to get total measured velocity correction. 

into the Midcourse Guidance Program, and also could be used to control the 

stopping of the Countdown Register in case direct control of the firing duration 

is desired. 

As zero is detected, the rocket engine is comnded to fire. 

!Phis information is then transferred 

A simulation of the rocket engine and the accelerometer can be done largely 

with the pulse rate generator. The start signal enables the pulse rate generator, 
b 

and a rate similar to the output of an accelerometer is produced. 

engine signal i s  first delayed to represent the thrust taper-off of a rocket 

engine when it is turned off and then is used to stop the pulse rate generator. 

To compute the actual velocity correction a random number representing the error 

The stop 

of the accelerometer is added to the measured velocity correction. 

MIDCOURSE GUIDANCE PROGRAM 

, The heart of the simulation is the Nidcourse Guidance Program.. The guidance 

scheme used is that developed by the Theoretical Guidance & Control Branch at 

A m n -  Besearch Center. 

so only a brief summary of the theory is given here (Figure 10). 

It has been presented elsewhere (References 1, 2 and 3) 
* 

Four body 

equations of motion for a reference and estimated trajectory are computed and 

integrated starting from injection ciiiiditior;s A set cf pert.u?x,%sii equations 
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are solved for the state,which is 

estivated and reference positions 

. .  
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a six-vec LOT of differeiices b&tween-the - 

and velocities. Observations made with 

~ 

sensors (optical instruments or accelerometers) are processed to obtain the 

optimum estimation of the dynamical state. 

pute deviation from the desired end point and a suitable velocity correction 

is computed to reduce the position error at the end point to zero. 

correction is made but in practice the end point error is not reduced to zero 

due to errors in performing the correction and uncertainties in the estimated 

position and velocity. 

is chosen to reduce this error to .an acceptable level. 

Linear prediction is used to com- 

The velocity 

A schedule of observations and velocity corrections 

"he data processing scheme for optimal state estimation is shown in Figure 11, 

From the estimated state an estimate of the space angies observed is made. This 

15 q e h  '&- L b - ~ l  ~ ~ a t ~ = ; * I ~  sflu +=hAo A i  f f n v e w p  - 3 q BLUlt,jnlq ,+j bv a D -_ 

weighting matrix to produce an improved estimate of the state. 

statistics of the estimation errors is computed and from it the weighting matrix 

is found by a process which takes into account the known error statistics of the 

sensors. 

which weights the observations in an optimal fashion. 

A matrix of tBe 

This weighting matrix can be regarded as a dynamical time-varying filter 

The block diagram of the Midcourse Guidance Program is shown in Figure 12. 

The program actually has eleven different entry points but it has only three 

basic options: theodoliteobservation, sextant observation, or velocity correc- 

tion. In all cases, the equations of motion are integrated to the time of the 

observation (or time of desired velocity correction) and the guidance matrices 

~ i c h  8re a Pmction of tiqe, are updated to the same Then the program 

branches either to process the input data or to perform the velocity correction. 

. .  

a 

r 

- -L time. 
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PROGRAMMTNG TECHNIQUES 

Programing for the Midcourse Guidance Program required by far the greatest 

axount of time in developing the midcourse guidance simulation. After a study 

of the effort involved, it was decided to write the program in FORTRAN because 

of the ease or' writing in that language as opposed to writing in SYMBOL. In 

writing the program, the most irrrportant consideration was to achieve program ' 

efficiency. The SDS 920 configuration has 12,000 words of memory, about 8000 

to minimize the length of the guidance program without losing any of the essentials 

of the mathematics. Several techniques were used to achieve this goal: 

1. Optimization of Subroutines--Each subroutine was written to do only the 

reauired. Computation techniques were carenilly examined 

so that the calculations were performed in a minimum number of instructions. b 

Whenever possible, subroutines were written with no call list at all in order 

to minimize the instructions required in setting up the transfer vector. 

2. Data Storage--All data is stored in COPNON and a block is allocated as 

temporary storage for use by all programs. 

CONl4ON while all other data that is not required between observations is discarded. 

Only essential data is stored in 

3. Mlnimization of Output--In the spacecraft computer simulation, a l l  actual 

output is to displays and other hardware. 

a certain amount of typewriter output is desired. 

chosen TO be a very rinimm in order to 'shorten output routines. 

However, for evaluation of performance 

The output information was 

1;. Sun Moon Polynomial--In the computation of the equations of motion the 

positions of the sun and moon are required. O n e  technique is to search a stored 



table for points 

to eliminate the 
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near the time desired then do an inteqolation. However, 

rather large stoped tables and separate interpolation routines, 

a diTferent technique is used. 

14 days is evaluated with a simple polynomial evaluation routine for either 

sun or moon position or velocity. The coefficients for this polynomial are 

precalculated with a mathematical technique which minimizes the maxim error 

in a fashion similar to a Chebeshev polynomial, giving a fit good to.within a 

few tenths of a kilometer. 

A tenth-order polynomial of position good for 

The preliminary work was done on an IBM 7090 which resulted in an operating 

programbut some of the optimization features mentioned above were not included. 

In Figure 13 is shown a comparison of storage requirements for the Midcourse 

Guidance program as implemented on the IBM 7090 and the SDS 920. For both corn- 

puters, the column marked si mu i a m m  ' *  LB b-giirsa for  C- 

to actually run the program, while the columns marked Onboard represent only 

those operations which would be done aboard a spacecraft. 

7090 are exact while the figures for the SDS 920 are only estimates derived from 

the 7090 figures, and may be a little high. 

The fi,mes for-the 

6 

Fromthe figure it is seen that a 

considerable saving in storage is accomplished in the SDS 920 by use of all the 

techniques for program efficiency mentioned above. The last two items in Fig- 

ure 13 are concerned with the FORTRAN run-time systems for the computers. 

greater sophistication and input/output of the IBM 7090 is reflected in the 

approximately 5000/words 

The 

more 
that it requires in its FORTRAN run-time system. 

From the totals in the figure it is seen that the SDS 920 program is esti- 
< 

mated t.n t.ake ahout 10,000 words to ioipiement. By elixination of some desirable 

leatures it would be possible to cut the program down to approximately the 

8000 words allocated originally to the program. If all ,the operations that 
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a r e  associated only with the  simulation are eliminated, t he  t o t a l  onboard com- 

putat ions would take about 8100 words. If t h e  program had not been w r i t t e n  

i n  FORTMY and had been as t i g h t l y  optimized i n  SYMBOL as possible,  it i s  e s t i -  

m t e d  t h a t  these computations wo-dii h a ~ e  t&en about 6700 words,. 

SYSTEM INTEGFUTION 

I n  in tegra t ing  the  simulation together, one of t h e  major problems i s  lo-  

cat ing the  various programs r e l a t i v e  t o  each other and establ ishing communication 

between programs. The FORTRAN programs as they stand are not compatible with 

in t e r rup t  generated programs since a linkage t a b l e  f o r  t he  run time system occupys 

t h e  in te r rupt  locations.  A program has been wr i t ten  which s h i f t s  t h i s  FORTRAN 

linkage t ab le  t o  a new locat ion and changes appropriately a l l  t he  ins t ruc t ions  

w h i r h  r p f p r  a s p  l n r ~ . f . f ~ n s .  .Then +.he in 1 omti- be ff 1 1 ed w i t h  ~ 

t h e  proper branching instruct ions.  C 

After t h e  FORTRAN system and programs are loaded, t he  Computer System Program, 

t he  Midcourse Control and Display PrograT, and the  Velocity Correction Programs 

a r e  loaded as a s e r i e s  of independent modules. By s tor ing  a f e w  key addresses 

i n  known absolute core locat ions, the locat ion of a l l  programs can be communicated 

t o  the  various other programs. 

achieved which i s  s t i l l  easy t o  load.  

I n  t h i s  fasion, a very f l ex ib l e  system i s  

The e n t i r e  system w i l l  be operatea with a two ins t ruc t ion  waiting main 

program. A s  i n t e r rup t s  a r e  generated, they w i l l  i n i t i a t e  SYMBOL programs, and 

il' coriipute codes a r e  inputed, control will be t ransfer red  t o  the  FORTRAN programs. 

Somewhere a t  t h e  end of the  FORTRAN program a Branch Unconditional i nd i r ec t  in- 
, 

s t ruc t ion  (BRU*) w i l l  be inser ted t o  disconnect t h e  in te r rupt  and re turn  control  

t o  the  main program loop. 



CONCLUSION 

The programning technique presented here o f f e r s  s ign i f i can t  advantages 

i n  a ce r t a in  c l s s  of r e a l  time systems. I n  any system where t h e  computer has 

an adequate amount of time t o  do t h e  required computations so t h a t  t he  reduced 

conpuzing speed of a F O R T W  coded program i s  not objectionable, and where t h e  

eaouxt of mathematical and log ica l  computation i s  la rge  compared with the  pro- 

gramming required t o  in te r face  with external equipment, t h i s  technique i s  appli-  

cable a n d . w i l l  save a grea t  dea l  of programming time. It would be pa r t i cu la r ly  

. use fu l  i n  an experimental control  application where t h e  master program i s  

wr i t t en  by someone intin.ately famil iar  with the  computer, and equipment, bu t  

t h e  computer has t o  be used by experimenters who are not so familiar with com- 

TO, and mmr&w P D  -la i-- ~ a y q  p-umy-q 

and wr i te  t h e i r  programs i n  t h a t  languate instead of going t o  the  considerafile 

ex t r a  e f f o r t  i n  learning and using SYMBOL. 

i n  an appl icat ion where time of execution was a c r i t i c a l  fac tor .  

This technique would a l so  be useful 

The program 

could i n i t i a l l y  be wr i t ten  i n  FORTRAN and then, a f t e r  a l l  t h e  logic  and mathe- 

matics were worked out, t he  program could be coded i n  SYMBOL. A study of execu- 

times might reveal  t h a t  cer ta in  portions were c r i t i c a l  and only. these would have 

t o  be rewri t ten.  

When completed, t he  Ames midcourse guidance simulation w i l l  be used f o r  a 

nuqber of  studies.  Optical  instrument and navigation techniques w i l l  be inves t i -  

gated i n  an e f f o r t  t o  evaiuate such equipment. 

for a q a c e c r a f t  compter  will be studied both from a hardware and an operational 

Control and a i sp l ay  techniques 
, 

viewpoint. Velocity correction techniques, a t t i t u d e  s t ab i l i za t ion ,  automatic 

. .  
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sl manual control systems, abort techniques, and operational procedures, are 

sone of tize possible subjects f o r  study using the simulation as a working base. 

It is also planned to put the control panel in a three-man, f'ull-scale lunar 

mission capsule, and m simulated long-duration lunar missions in a realistic 

spacecraft environment. 
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A Digital Lunar Midcourse Guidance Simulation 

By David Kipping 

CAPTIONS 

Fig. 1 -- Laboratory for Guidance and Control Systems 
Fig. 2 -- SDS 920 Digital Computer System 

Fig. 3 -- Spacecraft Computer Control and Display Panel 
Fig. 4 -- Moving Base Star/Planet Simulation 
Fig. 5 -- Midcourse Guidance Simulation 
Fig. 6 -I- Computer System Program; Clock and Timing 

Fig. 7 -- Computer System Program; Data Input and Display 
--_ 

Fig. 8 -- Midcourse Control and Display Program 
Fig. 9 -- Velocity Correction Simulation 
Fig.10 -- Schematic Diagram of Midcourse Guidance Scheme 
, 

Fic.11 -- Optimal State Estimation Scheme 
Fig.12 -- Midcourse Guidance Program 
Fig.13 - - .  Midcourse Guidance Simulation Storage Requirements 
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‘deJvailed functional specification, A l l  other pr,ogramming was done in-house 

by Ames Research Center. 
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